We measure the local yield stress, at the scale of small atomic regions, in a deeply quenched 2D glass model undergoing shear banding in response to athermal quasi-static (AQS) deformation. We find that the occurrence of essentially a single plastic event suffices to bring the local yield stress distribution to a well-defined value, thus essentially erasing the memory of the initial structure. This post-event yield stress ensemble presents a mean value comparable to that of the inherent states of a supercooled liquid around the mode-coupling temperature. In a well-relaxed sample, plastic events cause the abrupt (nucleation-like) emergence of a local softness contrast and thus precipitate the formation of a band, which, in its early stages, is measurably softer than the steady state flow. Our data also permit to capture quantitatively the contributions of pressure and density changes and demonstrate unambiguously that they are negligible compared with the changes of softness caused by structural rejuvenation.
Shear banding, an intense localization of plastic strain within narrow bands, is the primary mode of mechanical failure in a variety of amorphous materials including metallic glasses [1] or granular media [2] . When loading conditions permit, bands may extend throughout a piece of material and sustain repeated plastic activity while preserving their overall structure [3] . The material inside shear bands is thus clearly softer than the glass surrounding them. Yet, the structural origin of this softness constrast remains a highly debated topic [4] [5] [6] [7] [8] .
This issue results from even more basic difficulties posed by the mechanisms of plastic deformation in glasses [9] [10] [11] [12] [13] [14] [15] . In these systems, indeed, structural disorder disallows the existence of topological defects akin to crystalline dislocations [16, 17] ; plasticity thus results from the intermittent occurrence of local rearrangements ("flips") triggered when the atoms within "zones" (small regions a few atoms wide) reach mechanical instabilities [18] [19] [20] . The proximity to an instability should correlate with usual observables such as local density, pressure, or shear stress; but these correlations are weak [21, 22] , and the question remains open of their predictive value in the context of shear banding.
Mesoscopic approaches [23, 24] model this process by representing a glass as an elastic continuum in which zones are embedded. They prove able to reproduce most of the phenomenology of amorphous plastic deformation, in particular the appearance of shear bands, yet only by postulating that local plastic thresholds are weakened after the occurrence of local rearrangements [25] [26] [27] [28] . No atomistic data, however, exist that support this idea.
In this letter, we use a recently developed numerical method [22, 29] that permits to access local yield stress at the zone scale (i.e. in regions a few atoms wide) in any orientation. This method was previously applied to quenched glasses, prior to any plastic deformation. In a companion paper [30] , we use it to characterize the steady homogeneous plastic (AQS) flow, with an emphasis on plasticity-induced anisotropy, and thus shed light on the origin of the Bauschinger effect in glasses. Here, we use this technique for the first time to resolve the local yield stress during shear banding. We thus demonstrate that the occurrence of a small amount of plastic strain erases the memory of the local structure acquired during aging. Moreover, it brings the average local yield stress, in all shear orientations, to a value smaller than in the steady flow state. The mean yield stress of post-event zones compares with that of supercooled liquid inherent states (ISs) around the mode coupling temperature T MCT : this explains that the equilibration temperature separating ductile and brittle responses is located in the vicinity of T MCT [31] . When loading such a well-relaxed sample, the suddenness of the rejuvenation process causes a rapid drop in the local yield stress which precipitates the formation of a band, that persists over large strain scales thanks to the softness contrast.
We use the same atomistic model as in Ref. [29] : a two-dimensional binary system comprising 10 4 equalmass atoms that interact via a Lennard-Jones (LJ) potential with second-order smoothing at cutoff. All values are given in LJ units. Preparation and deformation are performed with periodic boundary conditions at a constant volume corresponding to a density ρ 1.02. Samples are prepared via a slow temperature ramp at rateṪ = 0.32 · 10 −6 across the glass transition temperature range. This allows for equilibration until the alpha relaxation time is of order T g /Ṫ 10 6 , which corresponds to a fictive temperature T f 0.29. When reaching T = 0.078 T MCT , each sample is further quenched by energy minimization to obtain a mechanically equilibrated state. These initial states are then subjected to AQS [18, 32] simple shear deformation along the x axis,
a) mean shear stress τxy (black) and pressure P (blue) as a function of Hencky's equivalent shear strain E during simple shear AQS loading. Bottom: local maps at E = 0.05; b) accumulated strain , and c) yield stress τ c xy .
up to a linear strain γ = 5. Unless otherwise specified, all averages and distributions are obtained by collecting data from 100 independent samples.
In such strongly deformed systems, local strains must be computed using finite-strain theory, as detailed in the Supplementary Material (SM) [33] . We first compute a local, coarse-grained, deformation gradient, and then the associated Hencky strain. The square root of the second invariant of this tensor, finally, provides a scalar measure of local strain . The macroscopic counterpart of this quantity is E = ln(γ/2 + 1 + γ 2 /4).
The sample-averaged stress-strain response during constant-volume AQS loading is reported in Fig. 1a . It displays a typical stress overshoot followed by softening. As observed in other systems [34] , macroscopic pressure P rises sharply until the peak and continues to grow, albeit more slowly, thereafter. In our constant-volume simulations, this pressure increase is the analogue of a volume increase in typical fixed-pressure experiments. It is the signature that plastic activity creates configurations that are less well packed than the original aged ones, an idea that has led to the still classical free-volume theory. We will, however, rule out this interpretation quantitatively by showing that the plastically-induced pressure increase, or local density decrease, contributes only a minor fraction of strain softening.
The plastic response of our relaxed systems systematically involves shear banding as illustrated in Fig. 1b : local strain field maps, as shown here at E = 0.05, typically display a high strain region crossing the cell throughout. This phenomenon may only arise from structural causes, since our use of AQS shearing rules out the competition between time scales [6] , inertia [8] or local heating [4] .
Local yield stress values are measured in sheared configurations using the method of Refs. [22, 29] . It consists in isolating a circular inclusion of radius R free = 5 and straining it by requiring outer atoms to follow an affine motion corresponding to pure shear along an arbitrary orientation α ∈ [0, π]. Inner atoms are free to move non-affinely and required, using the AQS method, to remain mechanically balanced. The first plastic rearrangement they undergo determines the yield point of the inclusion in direction α and defines the local yield stress τ c (α) and critical strain c (α). For any considered α, the yield threshold is thus identified for all inclusions centered at regular grid points. Figure 1c presents the resulting local yield stress map in the loading orientation τ c (α = 0) = τ c xy , at E = 0.05. When comparing with the strain map of Fig. 1b , it is strikingly clear that the material in the band tends to present lower yield stress values than the material around it. We see here directly that the band is softer than the medium around it.
Let us emphasize that we focus here on the threshold τ c , not on the distance to threshold ∆τ c [22, 29] . While ∆τ c directly depends on local stress, τ c does not, and thus provides a more intrinsic gauge of local softness.
To quantify the emergence and evolution of bands, we momentarily focus on samples (53 out of 100) where a single band nucleates horizontally [35] . We identify as the band center the ordinate y SB of maximum x-averaged local strain at E = 0.1, a point at which all our bands are clearly visible; we then compute various x-averaged local properties as a function of y − y SB . The resulting averaged strains and yield stresses are reported in Fig. 2 .
The strain profiles ( Fig. 2a) clearly show that the band grows over time [13, 36] . This is not observed in experiments as the band evolution is usually interrupted by mechanical failure [1] . But, in simulations, since periodic boundary conditions maintain the system integrity, the softness contrast eventually resorbs itself and the system reaches a unique, statistically homogeneous, steady flow state [30] . The yield stress profiles (Fig. 2b) distinctly show that the softer region coincides with the band and grows at a similar rate. At E = 0.05, the contrast of local yield stresses between the band and the outer region is of order 27%, in unexpected agreement with experimental hardness measurements in metallic glasses [37] . Density, shear modulus, and potential energy profiles are displayed in SM [33] . They show that the band also presents a 2% lower density, a 17% lower shear modulus and a 5% higher potential energy than the surrounding material.
Lastly, these profiles demonstrate that the position of the band correlates, albeit at different degrees, with the initial values of the considered properties in the quenched state. This merely illustrates that the AQS response, and in particular the band location, is completely governed by structure. Yet, the question remains to understand why softening occurs just after a few percent strains, thus promoting the formation of the band.
In this perspective, we report on Fig. 3 , for different E's, the average yield stress (top) conditioned by the local strain from the quench state. These data are collected from all the 100 systems of our ensemble (irrespective of the initial band orientation). The abscissa of linlog graph is log 10 ( / * ): its distribution is reported in the bottom panel and shows a characteristic two-peak structure [20] that separates low-strain, elastically responding regions with the high strain ones, which have undergone local plastic events. As E increases, the first peak expectedly decreases in amplitude, while the second one grows and shifts rightward, as a result of the accumulation of plastic activity. The crossover strain scale between the two peaks happens to be * 2 c , with c = 0.054 the average critical strain in the as-quenched state.
* can be interpreted as the scale of local strain after a single plastic rearrangement.
The τ c xy curves of Fig. 3a constitute the first direct and quantitative observation of a local softening associated with local yielding. They systematically decay with , with a characteristic strain of order * . This key observation entails that the memory of the initial state is erased with a characteristic strain corresponding to essentially one event. It explains the rapidity of softening and thus localization. Yet, there are several features of these curves that are surprising and call for further explanations: (i) the low strain regions present higher yield stress values than the quenched state; (ii) there is a significant spread between these curves, which entails that the local yield stress depends on both E and ; and more specifically, (iii) at small E, highly strained regions are unexpectedly softer than a system under steady flow, so that at a given , the local yield stress grows with E, which can be viewed as a hardening effect.
To clarify these issues, we focus on E = 0.05, and distinguish within each configuration two types of local environments: (a) regions where < * /8, we call "unyielded"; and (b) those where > 2 * , we call "yielded". The distributions of local yield stresses in these two subsets are shown on Fig. SM2 , along with their counterparts in the initial as-quenched ensemble and steady homogeneous flow. We observe that: (A) unyielded regions (mainly outside the shear band) are harder than the as-quenched state; (B) yielded ones are (unexpectedly) softer than the steady flow. These hardening and softening effects can be actually observed from the τ c xy x profiles on Fig. 2b . We see here that they affect the whole yield stress distribution. As shown in SM [33] , this rejuvenation process changes both forward and reverse barriers, and in fact occur in all orientations.
The hardening of unyielded sites can be attributed primarily to a statistical effect: the progressive elimination (exhaustion) from this ensemble of the weakest sites of the quenched state when they yield. Indeed, identifying the unyielded sites at E = 0.05, and reporting on Fig. SM2b (orange diamonds) their yield stress distribution in the initial quenched state, accounts for the major part of the hardening effect. The remaining difference results from the pressure increase during loading, which can be taken into account after observing [33] vs P relation is essentially linear in unyielded sites [33] . When both exhaustion and pressure increase are taken into account (green triangles), we recover the distribution of yield stress outside shear bands.
To quantify the possible role of local expansion in softening, we report on Fig. 5 τ c xy as conditioned by local density in both yielded and unyielded site. These data show very clearly that, at the same ρ, yielded and unyiedled sites present sharply different yield stresses. Local density, hence, cannot predict local softness [38] . These data demonstrate quantitatively that the leading cause of softening is the production by plasticity of packings in a different state, i.e. presenting different τ c xy vs ρ (or other) relation, than the initial material.
We previously observed that yielded sites at finite strains (esp. E = 0.05) are weaker than the steady flow state. We now show that this results from a general property of "freshly renewed", post-yield sites, regardless of the state in which they occur. To evidence this idea, we pick out sites that yield ( > 2 * ) over a small amount of macroscopic strain ∆E = 0.05 (as before
This constitutes a key observation of our work. It establishes that essentially one plastic event brings the local structure to a unique yield stress distribution, regardless of the initial state. Note that, meanwhile, the final states explored present different pressure levels [39] . Our data indicate that the pressure-yield-stress relation is specific to each renewed ensemble [33] ; they thus support that the renewal process does not produce a unique structural "state", but instead a unique barrier (yield stress) distribution under different conditions. But in any case, renewal appears to produce a well-defined barrier distribution. This idea is often speculated to hold in the construction of mean-field [10, 40, 41] or elastoplastic models [25, 42] , but was never directly observed. It entails that shear banding results from a process akin to nucleation: the production of structures of a specific softness level after essentially one plastic event.
The hardening of yielded sites with increasing E then occurs because the weakest among the freshly renewed sites are the most likely to yield-be eliminated-shortly after. As E increases, beyond 0.05, the regions of a fixed , comprise an increasing fraction of sites that have yielded early on, but are strong and have resisted since. This finally explains that the steady flow state is harder than the freshly renewed sites.
It is noteworthy that the value τ c xy 1.32 in postyield states is comparable with the average yield stress in the ISs of a supercooled liquid at 0.9 T MCT [33] , a range of temperatures where the dynamics of liquids enters the activated regime. This indicates that post-yield structures have comparable barriers heights with a liquid lying on the upper layers of the potential energy landscale (PEL). From this standpoint, the fact that the average yield stress in post-yield sites compares with that of liquid ISs near T MCT appears to constitute a fundamental feature of the PEL. It then explains that the critical parent temperature separating brittle and ductile yielding transitions in amorphous materials is located in the vicinity of T MCT [31] , since a contrast must exist between the yield stress in the initial state and in the post-yield sites for shear banding to occur.
To conclude, we have been able to access atomic-scale yield stresses in a model glass undergoing shear banding. We have shown that this phenomenon is primarily caused by the production (nucleation), immediately after the first yield events, of regions of a well-defined softness level, comparable to that of an IS obtained from a supercooled liquid around T MCT . The immediacy of this process explains that, when starting from a well-relaxed glass, only few plastic events suffice to locally erase the memory of the initial packing and achieve a soft state, thus precipitating the shear banding instability.
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Supplementary material for: "Rejuvenation and Shear-Banding in model amorphous solids"
Hencky equivalent global shear-strain
Our model glasses are deformed using Athermal QuasiStatic (AQS) simple shear loading up to linear strains γ xy = 500%. The global strain is characterized within the finite-strain theory by using a Lagrangian description and choosing the Hencky's logarithmic strain definition [43] . The advantages of proceeding in such a way are threefold: it makes no use of small strain approximation; it allows us to eliminate rotations; it will permit to characterize macroscopic and microscopic strains using comparable quantities.
Given F the deformation gradient, the logarithmic (Hencky) strain is E = ln(U), where U is the right stretch tensor, i.e. the unique symmetric and positivedefinite tensor such that F = RU, with R a rotation. Since the right Cauchy-Green strain
is positive definite, we may also write E = 1 2 ln(U 2 ). Moreover, U 2 can be diagonalized, i.e. written as U 2 = P −1 DP with D diagonal and P the associated change of basis matrix. Finally, the invariants of E = P −1 ln(D)P are those of ln(D).
For 2D simple shear deformation, the deformation gradient is:
with γ the linear strain, and the right Cauchy-Green strain,
. Noting that
. This is the quantity we refer to in the manuscript as the macroscopic Hencky strain.
Local strain computation
The procedure for computing local strain tensor in our atomic system is the same as that previously employed in [22, 29] . It relies on the evaluation of the local, coarsegrained, deformation gradient tensor F.
In continuum mechanics F relates the position in the reference (undeformed) configuration to the current (deformed) configuration through the Cauchy-Born rule.
For an atomic system under affine deformation this mapping relates the vectors X αβ and x αβ connecting atoms α and β in the reference and current configurations (resp.) by:
with i and j coordinate components. Since local strains are not affine in general (particularly in glasses [44] ) the previous formula will no longer be exact for each individual atom-neighbor pair.
For two configurations separated by a small macroscopic strain interval, as proposed by Zimmerman et al. [45] , we define the atomic-level deformation tensor F α ij for atom α by minimizing the function
where the sum runs over the n nearest neighbors of α, and where g(r αβ 0 ) is a smooth weighting function that only depends on the distance r αβ 0 between atoms α and β in the reference configuration [46] . Thus F α ij is the best fit of Eq. (SM4), in the least-square sense, for an atom in its cage. We choose for g an octic polynomial function [47] . This function has a single maximum and continuously vanishes at a coarse graining length R CG = 5:
with
(SM8) This procedure is used to compute the strain gradient for each atom F between macroscopic configuration separated by small strain intervals ∆γ = 0.01. For larger ∆γ, F is numerically integrated by multiplying the deformation gradient tensors F = F n F n−1 · · · F 2 F 1 where F i is the deformation gradient tensors between states i and i + 1 separated by ∆γ = 0.01.
The local strain is reduced to a scalar following the same procedure as for the global strain E, which involves the numerical diagonalization of each F T F. Finally, the atomic-level strain is defined as the second tensor invariant of 1 2 ln(F T F). The field is then evaluated on a square grid N 2 by assigning to each grid point the value computed for the closest corresponding atom. The regular grid lattice constant equals to R sampling = L/39 ≈ R cut where L is the dimension of the initially square simulation box and R cut = 2.5σ is the cutoff inter-atomic potential. The grid deforms affinely with the overall applied strain in simple shear. The local yield stresses are computed on the same grid.
Local properties profiles through the shear band
In Fig. SM1 , we report the average profiles of density ρ, elastic modulus C xyxy , potential energy per atom e and pressure P for different macroscopic strain levels. As described in the manuscript, we restrict this analysis to samples featuring only horizontal shear bands. The profiles are centered on the shear band ordinate y SB , which is defined at that where the x-averaged local strain is maximum for E = 0.1.
The values of ρ x , C xyxy x , and e x in the shear band and the outer medium are visibly contrasted: the accumulation of plastic rearrangements brings the system to a less dense, less rigid, and less stable state. Note, however, that all profiles eventually become homogeneous in the stationary flow state.
Because of the constant volume loading protocol, the average of ρ is by definition equal to the mean system density. The local density in the band thus reaches transiently a minimum around E 0.05 before increasing again towards the mean density, its eventual value at large macroscopic strains.
The evolution of the elastic moduli is somewhat curious. While it softens in the band, C xyxy x presents an overall decrease during the early stages of loading up to the peak stress. This is expected since the approach to plastic instabilities reduces the macroscopic elastic modulus [18] . The moduli in the outer, elastic region, then rapidly rises as the stress decreases from its peak, presumably because the density of near threshold zone diminishes.
The presence and broadening of the shear band can also be detected by examining the increase in e x . This increase has already been observed in a very similar atomic system [13] , where it has been interpreted as a rise in effective temperature through Shear-TransformationZone theory.
It is interesting to note that the shear band position at E = 0.1, which we take as reference, correlates with various local properties of the quenched state. Note finally that if the global pressure increases with plastic deformation (see Fig. 1 in the manuscript), it is almost homogeneous along these average profiles due to mechanical equilibrium as reported in Fig. SM1d .
Local yield stresses in other directions
The distributions of local yield stresses in the yielded and unyielded states at E = 0.05 are shown in reverse) barriers corresponds to positive (resp. negative) abscissa. The lack of τ c xy → −τ c xy symmetry in all three deformed ensembles points to a flow-induced anisotropy studied in detail in Ref. [30] . We do not address this effect in this letter, but focus on the overall changes in softness that affect the forward barriers in the loading orientation, and in fact occur in all orientations.
Variation of local yield stresses with pressure
We report in Fig. SM3 the average of τ c xy as a function of the local pressure P in the yielded and nonyielded regions at E = 0.05 and for renewed states (see manuscript) for different macroscopic strains. This plot clearly shows that, at the same P , unyielded and yielded regions present different yield stresses. Moreover, in either ensemble, the local yield stress increases nearly linearly with local pressure. This result is in agreement with the variation of the yield surface obtained numerically for a metallic glass in [48] , where pressure or normal stress give results intrinsically similar to a Mohr-Coulomb criterion. The slopes of the τ c xy relations differ by merely 10%. We therefore choose to adjust the slope on all the data. We find an empirical relationship for yielded and unyielded sites: τ c xy = 0.25 P +A where A is a constant. Using the identified slope of the local relation between τ c xy vs P , we can now take into account the effect of local pressure and correct the data in Fig. 4b of the manuscript. We calculate the threshold distribution of unyielded sites at E = 0.05 from the corresponding thresholds in the quenched state as: τ This establishes that changes in the local yield stress for small deformations, mainly outside of the band, can be attributed both to the depletion of weak sites and, in the case of constant volume simulations, to the increase in local pressure.
The relation between τ c xy and P for the renewed states at different macroscopic strains still shows a nearly linear dependency. It, however, slightly deviates from the relation found for the yielded sites at E = 0.05.
Determination of the Mode-Coupling Temperature
The Mode-Coupling Temperature T MCT is determined from a functional fit of the relaxation time τ α in the dynamical regime for different temperatures T [49, 50] . We first compute the self-intermediate scattering function F L (q, t) = cos(q·(r j (t)−r j (0))) , where the subscript L refers to the "large" particles, r j (t) is the position of the j th particle at time t and . . . denotes the average over j and the time origin. F L (q, t) is averaged over 32 samples, containing 1024 atoms each, for every temperature. We define the relaxation time τ α as F L (q SF = τ α ) = 1 e with |q SF | = 6.07 corresponding to the primary peak of the static structure factor. As reported in Fig. SM4 , τ α , as computed for temperatures larger than 0.4, is well fitted by the power law relation τ α ∝ (T − T MCT ) γ . We obtain γ = −0.962 ± 0.054 and T MCT = 0.384 ± 0.005.
Variation of local yield stresses with parent temperature
We report in Fig. SM5 the average τ uids. The average obtained for the renewed plastic flow distribution is of the same order than the ones of inherent states of an equilibrated supercooled liquid at T 0.9 T MCT . Note, however, that we consider here just an average. Furthermore, rearranged and inherent states can not be strictly compared due to the non-zero polarization in the barrier ensemble along the loading direction [30] and to the slight increase of the pressure in flowing states. Despite this over-simplification, an inherent state obtained near T MCT is therefore expected to give a good estimate of the stationary threshold distributions, and thus act as a limit between softening (leading to strain localization) and hardening regimes in deeply and poorly quenched glasses, respectively.
